1. Introduction {#sec1-animals-10-00488}
===============

Livestock grazing behavior plays a key role in the interactions between pasture and animals, which is a central factor in animal production and grassland community structure \[[@B1-animals-10-00488],[@B2-animals-10-00488]\]. Grazing behavior is influenced by a range of factors such as climate, sward height, herbage mass, botanical composition of pastures, desirable species, forage quality \[[@B3-animals-10-00488],[@B4-animals-10-00488]\], age \[[@B5-animals-10-00488]\], breed \[[@B6-animals-10-00488]\], animal management \[[@B7-animals-10-00488]\], and grazing management \[[@B8-animals-10-00488]\]. Grazing management (e.g., grazing season and stocking rate) affects pasture growth \[[@B9-animals-10-00488]\], which, in turn, affects livestock grazing behavior \[[@B4-animals-10-00488]\]. Furthermore, the grazing behaviors of livestock change at different stocking rates. For instance, on the Qinghai--Tibetan Plateau (QTP), it has been shown that the daylight grazing time increased but ruminating time decreased for Tibetan sheep as a result of an increase in grazing intensity \[[@B10-animals-10-00488]\]. Grazing time of sheep increased and time of rest decreased with increasing grazing intensity in the Inner Mongolian steppe, China, as a result of reduced forage availability at the higher grazing intensity \[[@B11-animals-10-00488]\]; similar results have been found for cattle in Florianópolis, Brazil \[[@B12-animals-10-00488]\]. Simultaneously, livestock grazing behavior responds to the phenological period of pasture vegetation because of variations in herbage mass, forage quality, and daylight duration \[[@B10-animals-10-00488]\]. On the QTP, the decrease in intake time, ruminating time, number of chews per feed bolus, walking distance per hectare, and daily walking distances in winter are most likely due to the harsh weather conditions and the decline in forage quality \[[@B10-animals-10-00488]\]. The quality of forage affects herbivores' feed intake, so nutritional needs are maintained \[[@B13-animals-10-00488]\]. Furthermore, the structure and composition of plant communities are affected by the selective feeding of livestock \[[@B14-animals-10-00488],[@B15-animals-10-00488]\].

However, few studies focus on the change of grazing behavior under different grazing seasons and stocking rates, and our understanding of the relationship between grazing behavior of livestock and grassland condition remains vague. To quantitatively estimate whether the effects of grazing season and stocking rate on feed behavior are due to changes in the plant community characteristics and chemical composition of forage, a rotational grazing trial of Tibetan sheep has been implemented with different stocking rates and grazing seasons on QTP. We hypothesize that: (1) at lower stocking rate and in the warm season, total steps of Tibetan sheep would decrease, due to the greater forage allowance and thereby more available intake selectivity in the growing season; (2) intake rate and walking velocity while intaking increases linearly with increasing temperature and humidity; (3) dry matter intake (DMI) of Tibetan sheep may increase as the stocking rate rise or the grazing season changes. The results of the present study may contribute to our understanding of the interaction mechanism between plants and animals and may provide a theoretical basis for the rational use of resources and the reasonable management of the ecosystem in alpine meadows on the QTP.

2. Materials and Methods {#sec2-animals-10-00488}
========================

2.1. Study Area Description {#sec2dot1-animals-10-00488}
---------------------------

Field trials were conducted in the Maqu Grassland Agriculture Trial Station of Lanzhou University in Maqu County, Gansu Province, China (35°58′N; 101°53′E; altitude 3700 m). The average annual temperature is 1.2 °C and the average annual rainfall is 620 mm, of which 83.8% mainly takes place from May through to September ([Figure 1](#animals-10-00488-f001){ref-type="fig"}). The grassland is classified as the "alpine meadow" \[[@B16-animals-10-00488]\] and the soils are classified as Mat--Cryic Cambisols soil \[[@B17-animals-10-00488]\]. Alpine meadow in the study site grows from late April to early September. The dominate species include: Cyperaceae (mainly *Kobresia*, Willd.; *Carex*, L.), Gramineae (mainly *Stipa*, L.; *Festuca*, L.; *Elymus*, L; and *Poa*, L.), Compositae (mainly *Saussurea* DC.), Ranunculaceae (mainly *Anemone*, L.), and other Forbs (mainly *Polygonum viviparum* L. and *Potentilla anserina* L.).

2.2. Design of the Grazing Experiment {#sec2dot2-animals-10-00488}
-------------------------------------

The experiment was conducted in early June to early September (warm season) and early October to late December (cold season) in both 2010 and 2011. In early May, 150 1.5--year--old Tibetan rams (about 20% for substitution of the dead and sick sheep) were bought and were sold after winter grazing trial every year.

In each grazing season, plots were laid out in a random block design with six total plots for each stocking rate, which were randomly arranged in two rows and six columns of test areas. Eight sheep were allocated to each plot, and three plots were randomly selected from six plots of each stocking rate and fixed for observation of grazing behavior.

The size of the plots was used to control the stocking rate so that the number of animals would be the same across stocking rate treatment levels. Therefore, the high stocking (16 sheep/ha) plots were 0.5 ha each and the low stocking rate (8 sheep/ha) plots were 1 ha each. Thus, there were four treatments (warm season and 8 sheep/ha, W8; warm season and 16 sheep/ha, W16; cold season and 8 sheep/ha, C8; cold season and 16 sheep/ha, C16) in every year.

Before the experiment, firstly, the weight data of all sheep were statistically analyzed, and there were no significant differences among the groups. Each sheep was numbered according to each group of grazing paddocks and was then assigned to the fixed paddocks. We used the special sheep balance to weigh the Tibetan sheep once a month. The technical information of the balance is as follows: the electronic floor scale is surrounded by a fence with the length of 0.6 m, the width of 0.5 m, and the height of about 10 cm from the ground; the accuracy is 0.5 kg, the load range is 0--1000 kg, the steel plate thickness is 4 mm, the self--weight is about 20 kg, the dynamic weighing accuracy range is 1%--6%, and the maximum safety load is 150%. The sensor uses the international advanced integrated sensor, which is equipped with a temperature compensation circuit and a dual signal circuit. The initial bodyweight (IBW) and average daily weight gains (ADGs), respectively, of Tibetan sheep were as follows: W8, 31.899 ± 1.196 and 0.138 ± 0.021 kg; W16, 31.393 ± 1.447 and 0.124 ± 0.011 kg; C8, 46.846 ± 1.213 and 0.039 ± 0.010 kg; C16, 43.974 ± 1.423 and 0.031 ± 0.012 kg.

In the warm season (July 1 to September 30), animals grazed the pastures each day at 08:00 and returned to the pens at 19:00, and the total time allowed for grazing was 660 min/day. In the cold season (October 1 to December 31), animals went into the pastures at 09:30 and returned to the pens at 16:30, and total grazing time was 420 min/day. Each group of sheep returned to the fixed pen to stay overnight for safety. Each day, sheep were allowed to drink water with salt freely after coming back to the pen. In each paddock, there were 10 days grazing followed by a 20--day grazing interval.

2.3. Sward Measurement {#sec2dot3-animals-10-00488}
----------------------

First, three 0.5 × 0.5 m^2^ squares were randomly selected on the diagonal of each grazing plot, after which all plants were measured with a ruler to calculate mean sward height, and the quantity of each plant was counted to assess mean plant density after 10 days of grazing. Then, herbage mass was measured. For this, a fresh sample was obtained by cutting all of the herbage to ground level inside the three squares (0.5 × 0.5 m^2^) randomly selected in each grazing plot. The sample was then placed in an oven at 60 °C for 48 h. Finally, dry samples of forage were crushed through a 1 mm sieve and packed in clear plastic ziplock bags for analysis of nitrogen (N), acid detergent fiber (ADF) concentration, and neutral detergent fiber (NDF) concentration. The N concentration in the sample was determined as described by Ma et al. \[[@B18-animals-10-00488]\] and then multiplied by 6.25 to obtain crude protein (CP) concentration. The NDF and ADF concentrations were determined as described by Goering and Van Soest \[[@B19-animals-10-00488]\] and analyzed sequentially using an ANKOM 2000 fiber analyzer (ANKOM Technology, Fairport, NY, USA). The organic matter (OM) concentration was determined from the difference between dry mass and ash concentration \[[@B20-animals-10-00488]\].

2.4. Fecal Sample Collection {#sec2dot4-animals-10-00488}
----------------------------

The fecal samples of the three selected Tibetan sheep in each grazing paddock were collected into fecal bags for 3 consecutive days during the grazing period, then dried at 60 °C for 48 h and weighed. The organic matter (OM) concentration in feces was measured from the difference between fecal dry matter and ash concentration in feces \[[@B20-animals-10-00488]\]. The data were used for the calculation of dry matter digestibility (DMD) \[[@B21-animals-10-00488]\].

2.5. Observation of Animal Grazing Behavior {#sec2dot5-animals-10-00488}
-------------------------------------------

During the grazing trials, three of the eight male Tibetan sheep in each grazing plot were randomly selected and marked with a colorful ribbon to allow identification from a distance. The grazing behavior of the Tibetan sheep was recorded by three trained observers, who were located at least 10 m away from the sheep, by observing foraging and movement with telescopes and assessing the amount of time spent conducting a particular activity using stopwatches. The grazing behavior was continuously observed for 3 days and recorded for 15 min, one time per hour \[[@B10-animals-10-00488],[@B22-animals-10-00488]\]. The three observers were randomly allocated for one high and one low stocking rate of the paddock in each season of grazing land, and they were responsible for the two fixed grazing paddocks during the experiments.

The observed indicators included the following \[[@B22-animals-10-00488]\]: diurnal intake time (min/day), the amount of time that Tibetan sheep spent on intaking forage in a day; intake rate (bites/min), the average number of bites taken for intaking forage in five minutes; walking velocity while intaking (steps/min), the average number of steps in five minutes (including forward and backward) while Tibetan sheep are intaking forage; bite of ingestion (bite/step), the average number of bite per step; bite mass (g/bite); total number of steps (step/day); number of chews per feed bolus (times), the average number of chews for chewing five boluses; chewing time per bolus (s), average time while chewing five boluses; interval time between feed boluses (s), the average interval time between chewing each of the five boluses; and ruminating rate (bolus/h), the average number of boluses for chewing in each period of rumination. We measured the bite weight through simulating the Tibetan sheep's intaking area, height, and species of the plant.

2.6. Calculation Formula {#sec2dot6-animals-10-00488}
------------------------

Calculations were made to estimate DMI (g/day per sheep) as follows: $$DMI = \frac{D \times S}{N}$$ $$D = \frac{(A - B) \times (\log C - \log B)}{\log A - \log B}$$ where S is the area of the grazing plot, N is the number of Tibetan sheep in the grazing plot, D is a is the herbage consumption (g/m^2^) during 5 days of grazing, A is the herbage mass (g/m^2^) before grazing, B is the herbage mass (g/m^2^) after 5 days of grazing, and C is the herbage mass (g/m^2^) in a cage (1 × 1 × 1 m^3^) after 5 days of grazing \[[@B23-animals-10-00488]\].

Calculations were made to estimate crude protein intake (CPI, g/day) as follows:$$CPI = CP \times DMI$$

Calculations were made to estimate dry matter digestibility (DMD, %) as follows:$$DMD = \frac{DMI - FDM}{DMI} \times 100\%$$ where DMD is dry matter digestibility and FDM is fecal dry matter.

Calculations were made to estimate forage metabolic energy (ME, MJ/kg DM) \[[@B24-animals-10-00488]\] as follows:$$ME = 0.0157 \times DOMD$$ $$DOMD = DOM/DM$$ $$DOM = DMI \times OM - FDM \times OMF$$ where ME is the forage metabolic energy, DOMD (g/kg DM) is the digestible organic matter in the dry matter \[[@B25-animals-10-00488]\], DOM (g) is the digestible organic matter, DM (kg) is the dry matter, OM (%) is the organic matter in forage, and OMF (%) is the organic matter in feces.

Calculations were made to estimate metabolic energy intake (MEI, MJ/day) as follows:$$MEI = k_{1}BW^{0.75} + ME_{g} \cdot ADG$$ where the k~1~ values (MJ/kg^0.75^) were 0.45 from July to September, 0.50 from October to November, and 0.55 in December. The values chosen for k~1~ were from the work of Koong et al. \[[@B26-animals-10-00488]\] and Degen and Young \[[@B27-animals-10-00488]\]. ADG is the average daily bodyweight gain (kg/day), and ME~g~ is the amount of ME required to gain 1 kg bodyweight and was taken as 30 MJ/kg \[[@B28-animals-10-00488]\].

2.7. Statistical Analysis {#sec2dot7-animals-10-00488}
-------------------------

Statistical analyses were performed with the SPSS software (version 20.0). *F*--tests or differences in means were considered statistically significant at *p* \< 0.05. Data on plant community characteristics, chemical composition of forage, digestive and metabolic indicators, and grazing behavior (except intake rate, walking velocity while intaking, and bite of ingestion) of Tibetan sheep affected by stocking rate and grazing season were analyzed using mixed--effect model: $$Y = SR + GS + SR \cdot GS + (\left. 1 \right|Year/GS\_ unit/Plot)$$ which is a mixed--effect model with fixed effects (SR, GS, SR×GS) and random effects (Plot nested within GS_unit, and GS_unit nested within Year). Tukey's test was used to evaluate differences among means and the significance level was set at 0.05.

Data on intake rate, walking velocity while intaking, and bite of ingestion affected by stocking rate, grazing season and time were analyzed using mixed--effect model: $$Y = SR + GS + Time + SR \cdot GS + SR \cdot Time + GS \cdot Time + SR \cdot GS \cdot Time + \left( {1\left| {Year/GS\_ Plot/Animal} \right.} \right)$$ which is a mixed--effect model with fixed effects (SR, GS, SR×GS) and random effects (Plot nested within GS_unit, and GS_unit nested within Year). Tukey's test was used to evaluate differences among means and the significance level was set at 0.05.

The data of diurnal intake rate and walking velocity while intaking were obtained from the two stocking rates (8 sheep/ha and 16 sheep/ha) in the warm and cold seasons of 2010 and 2011, which were used to evaluate their effects of daylight ambient temperature and relative humidity by linear regression. Using SPSS software (version 20.0), linear regression analysis was carried out to yield prediction equations of unary linear regression, as shown below: $$Y = a + bx$$ where Y is the value of intake rate or walking velocity while intaking, ɑ is a constant term, x is the independent variable, which represents daylight ambient temperature or relative humidity, and b is Y corresponding partial regression coefficients for x. The effect of the linear term of each individual predictor variable was significantly different at the 0.05 level. The comparison was made between every two regression lines using the SPSS software to test for significant differences in overall intercept and overall slope.

Structural equation modeling (SEM) \[[@B29-animals-10-00488]\] was used to identify the relationship between grazing behavior and vegetation condition. In the model, we considered all plausible pathways (sward height, herbage mass, CP, ME, intake rate, bite weight, diurnal intake time) through which grazing season and stocking rate influence the DMI. The standard path coefficients were estimated to indicate the strengths of these multiple effects. The overall fit of the model was evaluated using the chi--squared test, the root--mean--square error of approximation (RMSEA) and the goodness of fit index (GFI). Non--significant χ^2^, RMSEA (*p* \> 0.05), and GFI \> 0.90 indicate a good fit of the model. SEM analysis was performed using AMOS 17.0 for Windows (Amos Development Company, Greene, Maine, USA; SPSS Inc., Chicago, IL, USA).

To evaluate the effect of plant community characteristics and the chemical composition of forage on grazing behavior of Tibetan sheep, using SPSS software (version 20.0), step--wise multiple linear regression analysis with backward elimination was carried out to yield prediction equations of linear regression, as shown below: $$Y = a + b_{1}x_{1} + b_{2}x_{2} + b_{3}x_{3} + \cdots + b_{n}x_{n}$$ where Y is a grazing behavior parameter, ɑ is a constant term, x~1~, x~2~, x~3~, ..., x~n~ are independent variables that represent plant community characteristics (sward height, herbage mass) and the chemical composition of forage (CP, ADF, NDF and ME), and b~1~, b~2~, b~3~, ..., b~n~ are Y corresponding partial regression coefficients for x~1~, x~2~, x~3~, ... x~n~. The effect of the linear term of each individual predictor variable was significantly different at the 0.05 level.

3. Results {#sec3-animals-10-00488}
==========

3.1. Plant Community Characteristics and Chemical Composition of Forage {#sec3dot1-animals-10-00488}
-----------------------------------------------------------------------

The season and stocking rate had significant effects on sward height, plant density, herbage mass, ADF, NDF, and CP (*p* \< 0.05; [Table 1](#animals-10-00488-t001){ref-type="table"}). The interaction between grazing season and stocking rate had significant effects on NDF and CP (*p* \< 0.001).

The sward height, plant density, herbage mass, and CP concentration at 8 sheep/ha were significantly higher than those at 16 sheep/ha, but ADF and NDF concentrations at 8 sheep/ha were significantly lower than those at 16 sheep/ha. Compared with the cold season, sward height, herbage mass, and CP concentration were higher in the warm season, but sward height, ADF, and NDF concentrations were lower ([Figure 2](#animals-10-00488-f002){ref-type="fig"})

3.2. The Digestive and Metabolic Indicators of Tibetan Sheep under Different Stocking Rates and Grazing Seasons {#sec3dot2-animals-10-00488}
---------------------------------------------------------------------------------------------------------------

The season and stocking rate had highly significant effects on FDM, CPI, and ME (*p* \< 0.001; [Table 2](#animals-10-00488-t002){ref-type="table"}). The interaction between grazing season and stocking rate had significant effects on CPI and ME (*p* \< 0.001). The FDM and CPI at 8 sheep/ha was significantly higher than that at 16 sheep/ha, but ME and MEI in the warm season at 8 sheep/ha were significantly lower than that at 16 sheep/ha. Compared with the cold season, CPI and ME were higher in the warm season, but FDM was lower in the warm season ([Figure 3](#animals-10-00488-f003){ref-type="fig"}).

3.3. Diurnal Dynamics of Feeding Behavior {#sec3dot3-animals-10-00488}
-----------------------------------------

The grazing season and stocking rate had highly significant effects on intake rate and walking velocity while intaking (*p \<* 0.001). Time significantly influenced intake rate (*p \<* 0.001), and the interaction between grazing season and time significantly influenced intake rate and walking velocity while intaking (*p \<* 0.001). The grazing season, stocking rate, time, and their interaction had highly significant effects on bite of ingestion (*p \<* 0.05).

The intake rate and bite of ingestion had an upward trend over time and were significantly higher at 16 sheep/ha than that at 8 sheep/ha, but walking velocity while intaking at 8 sheep/ha was higher than that at 16 sheep/ha in almost every time period during the grazing. The intake rate and walking velocity while intaking in the warm season were significantly higher than that in the cold season, but bite of ingestion had an opposite trend ([Figure 4](#animals-10-00488-f004){ref-type="fig"}, [Figure 5](#animals-10-00488-f005){ref-type="fig"} and [Figure 6](#animals-10-00488-f006){ref-type="fig"}).

3.4. Grazing Behavior of Tibetan Sheep under Different Stocking Rates and Grazing Seasons {#sec3dot4-animals-10-00488}
-----------------------------------------------------------------------------------------

The grazing season had highly significant effects on diurnal intake time, bite weight, DMI, total number of steps, number of chews per feed bolus, chewing time per feed bolus, interval between feed boluses, and ruminating rate (*p \<* 0.05; [Table 3](#animals-10-00488-t003){ref-type="table"}). Stocking rate had highly significant effects on diurnal intake time, bite weight, DMI, number of chews per feed bolus, chewing time per feed bolus, and ruminating rate (*p \<* 0.01). The interaction between grazing season and stocking rate significantly influenced bite weight (*p \<* 0.001).

In general, compared with a stocking rate of 8 sheep/ha, bite weight, DMI, number of chews per feed bolus, and chewing time per feed bolus were lower at 16 sheep/ha, while diurnal intake time and ruminating rate were higher. Compared with the cold season, diurnal intake time, DMI, total number of steps, and ruminating rate were higher in the warm season, while bite weight, number of chews per feed bolus, and chewing time per feed bolus were lower ([Figure 7](#animals-10-00488-f007){ref-type="fig"}).

3.5. Relationship Between Ambient Temperature, Relative Humidity, and Intake Behavior {#sec3dot5-animals-10-00488}
-------------------------------------------------------------------------------------

Because there are statistical differences in the values of the intercepts and the slopes, every two regression lines are different ([Figure 8](#animals-10-00488-f008){ref-type="fig"}). There was higher intake rate and lower walking velocity while intaking at 16 sheep/ha than that at the 8 sheep/ha. As daylight ambient temperature increased, intake rate and walking velocity while intaking had an upward trend at 8 and 16 sheep/ha stocking rates. With the increase of relative humidity, intake rate and walking velocity while intaking also increased ([Figure 8](#animals-10-00488-f008){ref-type="fig"}).

3.6. Structural Equation Model {#sec3dot6-animals-10-00488}
------------------------------

The SEM was used to evaluate the potential associations between plant community characteristics, the chemical composition of forage, feeding behavior, and DMI, and to gain insight into the indirect and direct effects. The grazing season explained 93.4%, 56.5%, 38.5%, 81.1%, 73.3%, 57.3%, 93.7%, and 88.1% of the variation in CP concentration, sward height, herbage mass, ME, intake rate, bite weight, diurnal intake time, and DMI, respectively ([Figure 9](#animals-10-00488-f009){ref-type="fig"}). The change of grazing season (from warm season to cold season) reduced herbage mass, CP, ME, diurnal intake time, and DMI but had positive effects on sward height and bite weight. However, sward height had a positive effect on herbage mass and CP, while herbage mass had a negative effect on intake rate and a positive effect on CP, and ME positively affected intake rate. CP had a positive effect on bite weight and negative effects on ME and diurnal intake rate. Furthermore, intake rate and bite weight both had positive effects on DMI ([Figure 9](#animals-10-00488-f009){ref-type="fig"}).

Stocking rate explained 68.7%, 9.1%, 44.4%, 79.1%, 81.6%, 66.1%, 90.4%, and 87.4% of the variation in CP concentration, sward height, herbage mass, ME, intake rate, bite weight, diurnal intake time, and DMI, respectively ([Figure 10](#animals-10-00488-f010){ref-type="fig"}). The stocking rate directly reduced sward height, herbage mass, CP, and bite weight but had positive effects on ME, intake rate, and diurnal intake time. However, sward height had negative effects on CP and herbage mass; herbage mass had a positive effect on CP; ME had positive effects on diurnal intake time and intake time; CP had a positive effect on ME, intake rate, diurnal intake time, and DMI and a negative effect on bite weight. Furthermore, intake rate and bite weight directly increased DMI.

3.7. Equations for Predicting Grazing Behavior {#sec3dot7-animals-10-00488}
----------------------------------------------

Using CP, ADF, NDF, and ME to predict grazing behavior parameters yielded the best fit equation for Tibetan sheep, and the addition of ME for the linear relationship further improved the R^2^ of equations ([Table 4](#animals-10-00488-t004){ref-type="table"}).

4. Discussion {#sec4-animals-10-00488}
=============

4.1. Effects of the Grazing Season and Stocking Rate on Plant Community Characteristics and the Chemical Composition of Forage {#sec4dot1-animals-10-00488}
------------------------------------------------------------------------------------------------------------------------------

In grassland grazing ecosystems, the plant community characteristics and the chemical composition of forages were affected by stocking rate and grazing seasons \[[@B10-animals-10-00488],[@B30-animals-10-00488]\]. Bear et al. \[[@B31-animals-10-00488]\] found that higher stocking rates had an effect on sward height. Miao et al. \[[@B32-animals-10-00488]\] mentioned that in the yak grazing ecosystem, forage nutritive values increased with the increase of the stocking rate, which may be due to lower mean age plant tissues, higher nutritive values of a regrowing plant, and higher nitrogen inputs from the excrement of grazing livestock at high stocking rate than that at light stocking rate. However, the result we found was inconsistent with the above views, which may be caused by the following reasons. Firstly, because forage samples were collected after 10 days of grazing in every period, the compensatory growth of forage has little effect on the plant community. Simultaneously, the experimental animals are different, and Tibetan sheep and yaks have different eating habits, Therefore, the growing plants are too short and the proportion is too low, i.e., yak generally cannot eat them, but Tibetan sheep can. Secondly, in our study, the feces of Tibetan sheep were collected, so the nutrients from grazing livestock excrement have a weak effect on pasture. Finally, we found that at a higher stocking rate, the proportion of edible forage grass is greatly reduced, while the proportion of inedible forage grass is increased, and some higher--fiber Gramineae such as *Stipa capillata Linn.*, *Elymus nutans* Griseb., and thick--stemmed *Anemone rivularis* Buch.--Ham. ex DC. var. *flore--minore* Maxim dominated the plant community.

In the present study, grazing season and stocking rate had significant effects on plant community characteristics and the chemical composition of forage, but their interaction between grazing season and stocking rate not relevant for plant community characteristics and ADF. This explained that the effects of stocking rate on plant community characteristics and ADF did not change with grazing season. Similarly, the effects of grazing season on the above indicators did not change with stocking rate. We also found that herbage mass and CP concentration of forage were higher and the ADF and NDF concentrations of forage were lower at lower stocking rate and in warm season, which illustrates the higher forage nutritive value at 8 sheep/ha in the warm season. Judy et al. \[[@B33-animals-10-00488]\] also found a similar result.

4.2. Effects of Grazing Season and Stocking Rate on Digestive and Metabolic Activities {#sec4dot2-animals-10-00488}
--------------------------------------------------------------------------------------

The weight of grazing livestock always changes with the characteristics of "fat in summer and thin in winter" on the QTP. Due to the decline of forage quality (i.e., CP) and DMI in the cold season, the CPI and ADG of Tibetan sheep decreased, which led to the decrease in MEI. Liu et al. \[[@B34-animals-10-00488]\] also found that there was a highly linear positive correlation between the ADG of Xiangzhong black cattle and metabolic energy intake (R^2^ = 0.906). Therefore, we should supplement feed for grazing livestock, so as to obtain more nutrients to meet the nutritional requirements and normal energy metabolism in the cold season. Forage CP and herbage mass declined at higher stocking rate \[[@B35-animals-10-00488]\], therefore, the DMI, CPI and FDM of Tibetan sheep at 16 sheep/ha were lower than that at 8 sheep/ha.

4.3. Diurnal Grazing Behavior of Tibetan Sheep {#sec4dot3-animals-10-00488}
----------------------------------------------

In the present study, the intake rate and bite of ingestion of Tibetan sheep increased as the time of day advanced. Some research reported that, in one day, the forages had larger concentrations of total nonstructural carbohydrates and higher digestibility in the afternoon and twilight than that in the morning \[[@B36-animals-10-00488],[@B37-animals-10-00488]\], which may affect the main behavior patterns \[[@B3-animals-10-00488]\]. In addition, ghrelin is a hormone that stimulates grazing animals' feeding and is secreted the most at dusk and dawn \[[@B38-animals-10-00488],[@B39-animals-10-00488]\]. Therefore, Tibetan sheep can obtain the maximum nutrient intake at dusk in order to ruminate at night.

De et al. \[[@B40-animals-10-00488]\] reported that high temperature significantly decreased the time spent in feeding, ruminating, and lying in rams. Prescott et al. \[[@B41-animals-10-00488]\] found that as ambient temperature increased, diurnal grazing time for beef cows increased in the cold season. Therefore, the environmental temperature can affect the behavior of livestock. However, in the present study, we found that diurnal intake rate and walking velocity while intaking increased as both daylight ambient temperature and relative humidity increased, which may be because the suitable temperature was good for Tibetan sheep to look for feed with better nutritional value, playing an important role in livestock production. Meanwhile, there was higher intake rate and lower walking speed during grazing at 16 sheep/ha than that at 8 sheep/ha, and there are statistical differences in every two regression lines, which may be due to lower herbage mass and DMI at 16 sheep/ha than that at 8 sheep/ha influencing the increased intake rate and reduced walking velocity while intaking to compensate for the lack of nutrition.

4.4. Effects of Stocking Rates on Grazing Behavior {#sec4dot4-animals-10-00488}
--------------------------------------------------

High stocking rates can decrease the herbage mass available \[[@B42-animals-10-00488]\] and reduce the intake per bite \[[@B43-animals-10-00488]\] but can increase the number of steps and grazing time to compensate for the decrease of forage availability \[[@B44-animals-10-00488],[@B45-animals-10-00488]\], in line with our results. In the present study, the intake per bite and walking velocity while intaking of Tibetan sheep were reduced, while intake, bite of ingestion and diurnal intake time were increased at the higher stocking rate. Here, Tibetan sheep's intake per bite decreased, likely because sward height and herbage mass per unit area decreased at the 16 sheep/ha stocking rate. In order to obtain more nutrients to meet energy demands, under restrictive environmental conditions, Tibetan sheep have to spend more time on the intake of forage.

Ruminant activity is a significant physical process for ruminants to degrade and digest the forage, and ruminant behavior is second only to feeding behavior for the Tibetan sheep \[[@B10-animals-10-00488]\]. Ruminant behavior is affected by the distribution of forages and the plant composition of grasslands \[[@B46-animals-10-00488],[@B47-animals-10-00488]\], as well as the quantity and quality of forages \[[@B10-animals-10-00488]\]. We observed that the number of chews per feed bolus, the chewing time per feed bolus, and the interval between feed boluses were reduced at the high stocking rate, which may be because of the higher ADF and NDF concentrations of forage and the lower sward height and herbage mass available at high stocking rates causing Tibetan sheep to increase diurnal intake time to obtain enough nutrients and to maintain normal metabolism, resulting in less time for ruminant activity during the day \[[@B48-animals-10-00488]\].

4.5. Effects of Grazing Season on Grazing Behavior {#sec4dot5-animals-10-00488}
--------------------------------------------------

In the long--term coevolution process, different plant individuals from different biological clock phases in phenological phases overlap in space in order to adapt to the local living environment, which leads to the difference in plant community characteristics and chemical composition of forage. Simultaneously, the feed behavior of grazing livestock is a result of the plant community characteristics shaped by grazing animals and sward management decisions \[[@B9-animals-10-00488]\]. Therefore, plant community characteristics and chemical composition of forage change with the change of seasons, which affects the grazing behavior of livestock.

In the warm season, suitable air temperature, high CP concentration, and good palatability of forage have led to an increase in intake time for Tibetan sheep. Compared with the warm season, the decreased intake rate and walking velocity while intaking in the cold season may be due to the decrease in sward height and herbage mass, the decline in forage quality, and the atrocious weather. Furthermore, the Tibetan sheep increased bite weight in the cold season, which compensated for a partial reduction in diurnal intake time. The decrease in total number of steps in the cold season could have been a way to save energy consumption in order to resist the cold environment. Blanchard et al. \[[@B49-animals-10-00488]\] reported that forage quality had a negative effect on the average values of rumination parameters (number of chews per feed bolus and chewing time per feed bolus), and compared to the rainy season (February), impala increased these rumination parameters in the dry season (September). We also found a similar result that compared with warm season: Tibetan sheep increased both the number of chews per feed bolus and the chewing time per feed bolus but decreased interval between boluses and ruminating rate in the cold season, which was due to the worse forage quality (higher ADF and NDF concentrations) in the cold season.

4.6. Effects of Grazing Season and Stocking Rate on DMI {#sec4dot6-animals-10-00488}
-------------------------------------------------------

DMI data were intended to reflect the amount of nutrients and energy that livestock obtain in their living environment and play a significant role in grazing livestock production. Our model showed that stocking rate and grazing season had direct and indirect effects on DMI. Based on the stocking rate and grazing season, the decrease in DMI was mainly due to bite weight and intake rate, which were mediated by sward height, herbage mass, CP concentration, and ME. However, the stocking rate and grazing season had significantly influenced DMI, which had higher values at a low stocking rate and in the warm season. Previous studies have shown that the seasonal change in DMI is most likely affected by the initial herbage mass available and sward height, but chemical composition of forage has no effect on DMI \[[@B50-animals-10-00488]\]. For instance, spring grazing initially positively affected the quality of forage and plant community structures, which in turn improved the grazing behavior characteristics of Holstein--Friesian dairy cows and increased DMI \[[@B51-animals-10-00488]\]. In the first model, the direct effect of grazing season on DMI was the main source of its negative effect. Seasonal changes lead to changes in the nutritional concentration of forages. At the same time, the leaves wither and fall off of the plant, which leads to a reduction in the amount of edible forages per unit area in the cold season. We found that the change of grazing season (from warm season to cold season) had a positive effect on sward height but a negative effect on DMI. This is because there were many undesirable plants, such as Gramineae, of higher ADF and NDF concentrations, harder stems, and fewer leaves in the cold season, therefore, Tibetan sheep had lower DMI in the cold season. The grazing season can also indirectly affect DMI. On the one hand, it can reduce the bite weight and thus the DMI by reducing the CP concentration of forage, and it can also reduce the intake rate of Tibetan sheep by reducing the ME to reduce the DMI. On the other hand, it can have a negative effect on herbage mass, which increases the intake rate to compensate for the lack of nutritional needs and DMI.

Chen et al. \[[@B28-animals-10-00488]\] found that the stocking rate had little effect on DMI, which may be due to the sward sparsely distributing on the Loess Plateau. However, this phenomenon does not exist on the QTP because of the lush herbs. In the second model, the stocking rate had a negative effect on the sward height and herbage mass, which was due to the feeding and trampling effects of Tibetan sheep. It was not difficult to determine that the stocking rate did not have a direct effect on DMI, but it can affect feeding behavior by mediating grassland condition indexes to indirectly affect DMI. In the first place, the stocking rate had a negative indirect effect on DMI by mediating bite weight, as well as a positive indirect effect on DMI by increasing bite weight due to the lack of forage CP concentration. In the second place, it had a positive indirect effect on DMI by mediating intake rate or by increasing ME to intake rate. All in all, it can be expected that Tibetan sheep have a greater opportunity to select high--quality and palatable herbage in the warm season grazing system and lower stoking rate system. Due to poor quality of forage and inadequate forage at higher stocking rate and in the cold season, Tibetan sheep had lower DMI and had difficultly into maintaining their own nutrient metabolism. Therefore, in order to prevent grassland degradation and to improve the capacity of grassland, it is feasible to sell out more Tibetan sheep to mitigate the stocking rate or to provide supplementary feeding in the cold season.

4.7. Prediction of Grazing Behavior Parameters {#sec4dot7-animals-10-00488}
----------------------------------------------

Andueza et al. \[[@B52-animals-10-00488]\] used the chemical composition of forage to predict DMI, and Yang et al. \[[@B25-animals-10-00488]\] used CP, GE, EE, NDF, and ADF parameters to predict DMI. Gross et al. \[[@B53-animals-10-00488]\] used the plant density and biomass to build the prediction equation for intake rate. In the current work, parameters such as CP, ADF, NDF, ME, sward height, and herbage mass appeared among the equations that can best predict grazing behavior (including DMI) for Tibetan sheep living in the northeast of the QTP. The increase in forage CP concentration, sward height, and herbage mass can increase the probability of Tibetan sheep's selective feeding in a natural grassland. The high concentration of forage fiber (i.e., ADF and NDF) reduced the palatability and digestibility for the livestock and affected grazing behavior. However, because the addition of ME increased the R^2^ values in the above equation, ME was an indispensable predictor. Combining the above information, grazing behavior of Tibetan sheep was greatly affected by the quantity and quality of the forage.

5. Conclusions {#sec5-animals-10-00488}
==============

This study demonstrated that the grazing behavior of Tibetan sheep was affected by grazing season and stocking rate in the alpine meadow of the QTP, China. Due to more adequate forage supply and better forage quality at low stocking rate in the warm season, Tibetan sheep had higher CPI, DMI, and total steps. Simultaneously, Tibetan sheep obtained the maximum nutrient intake at dusk by improving intake rate and the bite of ingestion. In addition, intake time and walking velocity while intaking increased as both daylight ambient temperature and relative humidity increased. Most importantly, Tibetan sheep should be added feed after grazing in the cold season to maintaining their own nutrient metabolism.
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![Mean monthly precipitation and temperature from January 2010 to December 2011 at the experimental site located in an experimental pasture farm in Maqu County (35°58'N; 101°53'E) on the Qinghai--Tibetan Plateau (QTP). Temperature: average 2.9 °C; high 13.7 °C; low 9.5 °C. Rainfall: average 50.8 mm; high 178.8 mm; low 0.5 mm (Data from Maqu County Meteorological Station).](animals-10-00488-g001){#animals-10-00488-f001}

![Effects of grazing seasons (warm and cold) and stocking rates (8 sheep/ha and 16 sheep/ha) on mean (± standard error (SE)) plant community characteristics and chemical composition in the two years (2010 and 2011). Means within a column with different letters significantly differ (*p* \< 0.05). Different lowercase letters indicate significant differences.](animals-10-00488-g002){#animals-10-00488-f002}

![Effects of grazing seasons (warm and cold) and stocking rates (8 sheep/ha and 16 sheep/ha) on mean (± SE) digestive and metabolic indicators in two years (2010 and 2011). Means within a column with different letters significantly differ (*p* \< 0.05). Different lowercase letters indicate significant differences.](animals-10-00488-g003){#animals-10-00488-f003}

![The x--axis is the time of day, and the y--axis is the intake rate. GS = grazing season; SR = stocking rate; T = times.](animals-10-00488-g004){#animals-10-00488-f004}

![The x--axis is the time of day, and the y--axis is walking velocity while intaking. GS = grazing season; SR = stocking rate; T = times.](animals-10-00488-g005){#animals-10-00488-f005}

![The x--axis is the time of day, and the y--axes is the bite of ingestion. GS = grazing season; SR = stocking rate; T = times.](animals-10-00488-g006){#animals-10-00488-f006}

![Effects of grazing season (warm and cold) and stocking rate (8 sheep/ha and 16 sheep/ha) on mean (± SE) gazing behavior in the two years (2010 and 2011). Means within a column with different letters significantly differ (*p \<* 0.05).](animals-10-00488-g007){#animals-10-00488-f007}

![Relationships between (**a**) average daylight ambient temperature and intake rate, (**b**) relative humidity and intake rate, (**c**) average daylight ambient temperature and walking velocity while intaking, (**d**) relative humidity and walking velocity while intaking at the two stocking rates (8 sheep/ha and 16 sheep/ha) in the two seasons of the (warm and cold) of 2010 and 2011. The slope and intercept in the figure represent the difference between the two regression lines.](animals-10-00488-g008){#animals-10-00488-f008}

![Structural equation modeling (SEM) showed the effect of grazing season on dry matter intake (DMI). The evaluation for grazing season: warm season = 1, cold season = 2. The SEM considered all plausible pathways (sward height, herbage mass, crude protein (CP), metabolic energy (ME), intake rate, bite weight, diurnal intake time) through which stocking rate influences the DMI. The arrows reflect the causal relationships, and the thickness of the black (positive) and red (negative) paths is proportional to the range--standardized path coefficients. \* *p \<* 0.05, \*\* *p \<* 0.01, \*\*\* *p \<* 0.001. The model shows a fitted result (χ^2^ = 0.432, df = 13, *p* = 0.934; RMSEA = 0.053, *p* = 0.651; GFI \> 0.986).](animals-10-00488-g009){#animals-10-00488-f009}

![The SEM showed the effect of stocking rate on DMI. \* *p \<* 0.05, \*\* *p \<* 0.01, \*\*\* *p \<* 0.001. The model shows a fitted result (χ^2^ = 10.770, df = 12, *p* = 0.459; RMSEA = 0.051, *p* = 0.541; GFI \> 0.974).](animals-10-00488-g010){#animals-10-00488-f010}

animals-10-00488-t001_Table 1

###### 

The *p*--values of the effects of grazing season, stocking rate, and their interactions on plant community characteristics and chemical composition of forage.

  Variables   Sward Height   Plant Density   Herbage Mass   ADF        NDF        CP
  ----------- -------------- --------------- -------------- ---------- ---------- ----------
  GS          \< 0.001       0.040           \< 0.001       \< 0.001   \< 0.001   \< 0.001
  SR          \< 0.001       \< 0.001        \< 0.001       \< 0.001   \< 0.001   \< 0.001
  GS×SR       0.701          0.847           0.373          0.299      \< 0.001   \< 0.001

Note: GS = grazing season; SR = stocking rate.

animals-10-00488-t002_Table 2

###### 

The *p*--values of the effects of grazing season, stocking rate, and their interactions on the digestive and metabolic indicators of Tibetan sheep.

  Variables   FDM        CPI        DMD     ME         MEI
  ----------- ---------- ---------- ------- ---------- ----------
  GS          \< 0.001   \< 0.001   0.572   \< 0.001   \< 0.001
  SR          \< 0.001   \< 0.001   0.091   \< 0.001   0.401
  GS×SR       0.573      \< 0.001   0.679   0.044      0.096

Note: GS = grazing season; SR = stocking rate.

animals-10-00488-t003_Table 3

###### 

The *p*--values of the effects of grazing season, stocking rate, and their interactions on grazing behavior of Tibetan sheep.

  Variables   Diurnal Intake Time   Bite Weight   DMI        Total Number of Steps   Number of Chews per Feed Bolus   Chewing Time per Feed Bolus   Interval between Feed Boluses   Ruminating Rate
  ----------- --------------------- ------------- ---------- ----------------------- -------------------------------- ----------------------------- ------------------------------- -----------------
  GS          \< 0.001              \< 0.001      \< 0.001   \< 0.001                \< 0.001                         \< 0.001                      0.024                           \< 0.001
  SR          \< 0.001              \< 0.001      \< 0.001   0.308                   \< 0.001                         0.002                         0.558                           \< 0.001
  GS×SR       0.063                 0.001         0.357      0.548                   0.056                            0.447                         0.875                           0.866

Note: GS = grazing season; SR = stocking rates.

animals-10-00488-t004_Table 4

###### 

Linear prediction of grazing behavior of Tibetan sheep using plant community characteristics and chemical composition of forage and forage chemical composition parameters.

  Item                                                                                                                  Equation \*                                                                                R^2^      *p*-Valve
  --------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------ --------- -----------
  DMI (g/day)                                                                                                           = 1621.896~(111.672)~−3839.527~(355.288)~ ADF + 41.531~(5.590)~ME                          0.658     \<0.001
  Intake rate (bite/min)                                                                                                = −10.668~(12.932)~ − 0.829~(0.178)~H + 69.264~(14.516)~NDF + 28.452~(44.529)~CP           0.621     \<0.001
  = −4.704~(16.348)~ + 1271.701~(54941)~CP + 77.855~(16.568)~NDF − 58.2811~(26.461)~ADF − 0.021~(0.010)~HM              0.560                                                                                      \<0.001   
  = −1.327~(15.564)~ + 260.605~(56.022)~CP + 87.88~(16.246)~NDF − 57.451~(27.105)~ADF                                   0.729                                                                                      \<0.001   
  = −22.759~(14.540)~ + 346.346~(44.451)~CP + 70.883~(16.716)~NDF − 0.021~(0.010)~HM                                    0.528                                                                                      \<0.001   
  Bite of ingestion (bite/step)                                                                                         = 0.070~(2.642)~ + 18.574~(2.972)~NDF − 0.446~(0.055)~ME − 0.007~(0.003)~HM                0.664     \<0.001
  = −0.609~(2.514)~ − 0.123~(0.057)~H − 0.005~(0.003)~HM + 21.033~(6.530)~ADF + 11.177~(4.022)~NDF − 0.443~(0.053)~ME   0.712                                                                                      \<0.001   
  Walking velocity while intaking (step/min)                                                                            = 15.253~(1.233)~ − 36.999~(3.922)~ADF + 0.289~(0.062)~ME                                  0755      \<0.001
  = −1.24~(0.814)~ + 0.368~(0.060)~ME + 71.170~(6.648)~CP                                                               0.630                                                                                      \<0.001   
  = 3.316~(3.485)~ − 10.850~(8.072)~ADF + 0357~(0.060)~ME + 53.447~(14.749)~CP                                          0.640                                                                                      \<0.001   
  Bite weight (g/bite)                                                                                                  = 0.027~(0.013)~ − 0.003~(0.001)~ME + 0.003~(0.001)~H − 0.074~(0.022)~NDF                  0.608     \<0.001
  Total number of steps (step/day)                                                                                      = 808.550~(477.685)~ − 98.790~(22.098)~H + 38,550.949~(3007.03)~CP + 126.855~(22.281)~ME   0.847     \<0.001
  = −843.305~(341.890)~ + 46196.110~(2793.460)~CP + 118.859~(25.081)~ME                                                 0.803                                                                                      \<0.001   

\* Units: % of dry matter (DM) for the forage chemical composition of CP, NDF, and ADF; MJ/kg of DM for forage ME; cm for sward height (H); g of DM for herbage mass (HM). Values in subscripted parentheses represent SE.
